Abstract Phospholipase D (PLD) hydrolyzes phosphatidylcholine into phosphatidic acid (PA), a lipidic mediator that may act directly on cellular proteins or may be metabolized into lysophosphatidic acid (LPA). We previously showed that PLD contributed to the mitogenic effect of endothelin-1 (ET-1) in a leiomyoma cell line (ELT3 cells). In this work, we tested the ability of exogenous PA and PLD from Streptomyces chromofuscus (scPLD) to reproduce the effect of endogenous PLD in ELT3 cells and the possibility that these agents acted through LPA formation. We found that PA, scPLD, and LPA stimulated thymidine incorporation. LPA and scPLD induced extracellular signal-regulated kinase (ERK 1/2 ) mitogen-activated protein kinase activation. Using Ki16425, an LPA 1 /LPA 3 receptor antagonist and small interfering RNA targeting LPA 1 receptor, we demonstrated that scPLD acted through LPA production and LPA 1 receptor activation. We found that scPLD induced LPA production by hydrolyzing lysophosphatidylcholine through its lysophospholipase D (lysoPLD) activity. Autotaxin (ATX), a naturally occurring lysoPLD, reproduced the effects of scPLD. By contrast, endogenous PLD stimulated by ET-1 failed to produce LPA. These results demonstrate that scPLD stimulated ELT3 cell proliferation by an LPA-dependent mechanism, different from that triggered by endogenous PLD. These data suggest that in vivo, an extracellular lysoPLD such as ATX may participate in leiomyoma growth through local LPA formation.-Billon-Denis, E., Z. Tanfin, and P. Robin. Role of lysophosphatidic acid in the regulation of uterine leiomyoma cell proliferation by phospholipase D and autotaxin. J. Lipid Res. 2008. 49: 295-307 
Abstract Phospholipase D (PLD) hydrolyzes phosphatidylcholine into phosphatidic acid (PA), a lipidic mediator that may act directly on cellular proteins or may be metabolized into lysophosphatidic acid (LPA). We previously showed that PLD contributed to the mitogenic effect of endothelin-1 (ET-1) in a leiomyoma cell line (ELT3 cells). In this work, we tested the ability of exogenous PA and PLD from Streptomyces chromofuscus (scPLD) to reproduce the effect of endogenous PLD in ELT3 cells and the possibility that these agents acted through LPA formation. We found that PA, scPLD, and LPA stimulated thymidine incorporation. LPA and scPLD induced extracellular signal-regulated kinase (ERK 1/2 ) mitogen-activated protein kinase activation. Using Ki16425, an LPA 1 /LPA 3 receptor antagonist and small interfering RNA targeting LPA 1 receptor, we demonstrated that scPLD acted through LPA production and LPA 1 receptor activation. We found that scPLD induced LPA production by hydrolyzing lysophosphatidylcholine through its lysophospholipase D (lysoPLD) activity. Autotaxin (ATX), a naturally occurring lysoPLD, reproduced the effects of scPLD. By contrast, endogenous PLD stimulated by ET-1 failed to produce LPA. These results demonstrate that scPLD stimulated ELT3 cell proliferation by an LPA-dependent mechanism, different from that triggered by endogenous PLD. These data suggest that in vivo, an extracellular lysoPLD such as ATX may participate in leiomyoma growth through local LPA formation.-Billon-Denis, E., Z. Tanfin, and P. Robin Uterine leiomyomas (or fibroids) are benign tumors of the uterine smooth muscle (myometrium). It is well established that leiomyoma growth is under hormonal control by ovarian steroids and growth factors but also by G protein-coupled receptor (GPCR) agonists (1) . An Eker rat leiomyoma tumor-derived cell line (ELT3) was characterized and has been used successfully to investigate the hormonal modulation in association with the disease pathogenesis (2, 3) . We recently demonstrated that endothelin-1 (ET-1), a 21-amino acid peptidic hormone, induced the survival and proliferation of ELT3 cells (4, 5) . The proliferative effect of ET-1 was stronger in ELT3 cells than in normal myometrial cells, and this increased effect was correlated with an increase in phospholipase D (PLD) activity in ELT3 cells (5) . Mammalian PLD is implicated in diverse physiological functions, including proliferation, migration, inflammation, and secretion (6) . Moreover, the enhancement of PLD activity has been described in association with some cancer tumors (7) . PLD hydrolyzes phosphatidylcholine (PC) to produce phosphatidic acid (PA) and free choline. PA is a bioactive phospholipid involved in many intracellular biological functions attributed to PLD (8) . It can function in signal transduction events by interacting with several signaling proteins, such as Raf-1, PKCz and PKCe, PLCg, and mTOR (9, 10) . PA has also been proposed to act through the binding to the orphan receptor GPR63/PSP24b, which belongs to the GPCR family (10, 11) .
Another possibility is that PA does not act by itself but serves as a precursor for the synthesis of other bioactive compounds. Indeed, PA can be converted into diacylglycerol by lipid phosphate phosphatases or can be deacylated by a phospholipase A (PLA) to form lysophosphatidic acid (LPA) (10, 12, 13) .
LPA is a bioactive lysophospholipid present in diverse biological fluids. Serum is the best-characterized source of LPA. During blood coagulation, platelet activation participates in LPA production. LPA is also produced by a lysophospholipase D (lysoPLD) activity, present in serum, that hydrolyzes lysophosphatidylcholine (LPC) to form LPA and free choline (12) . Recently, autotaxin (ATX) was identified as a circulating lysoPLD, and it is thought to be the main source of LPA in serum and other body fluids (14, 15) . ATX and LPA stimulate cell proliferation, migration, and survival (13, 16, 17) . LPA is also involved in the physiology of the uterus. In human myometrium, LPA exerts a mitogenic effect and stimulates stress fiber formation (18, 19) . Moreover, it has been demonstrated that LPA plays an important role in embryo implantation in mice (20) . LPA and ATX are also involved in the development and spreading of malignant tumors, particularly ovarian and prostate cancers (16, 17, 21, 22) . LPA is also a biological marker for prostate and ovarian cancers as well as for endometrial and cervical carcinomas (16) .
LPA mediates its effects by interacting with membrane receptors of the GPCR family. To date, five LPA receptors, termed LPA 1 -LPA 5 , have been identified. LPA 1 , LPA 2 , and LPA 3 belong to the endothelial differentiation gene (edg) family, like the sphingosine-1-phosphate receptors (23) . In contrast, the recently described LPA 4 and LPA 5 show limited homology to LPA 1 -LPA 3 (23, 24) . LPA receptors are coupled to different G proteins and signaling pathways, such as Gi/phosphoinositide 3-kinase, Gi/Ras, Gq/phospholipase C, G 12/13 /RhoA, and Gs/adenylyl cyclase (23) .
Bacterial PLD from Streptomyces chromofuscus (scPLD), as mammalian PLD, catalyzes the hydrolysis of PC into PA (25) . It has often been used to induce PA synthesis in membranes of living cells to mimic the effects of endogenous mammalian PLD. Recently, we demonstrated that scPLD increased PA production, activated the extracellular signal-regulated kinase (ERK 1/2 ) pathway, and stimulated the proliferation of ELT3 cells (5) . This may indicate that scPLD and endogenous PLD act through a common pathway. However, in addition to its PLD activity, scPLD possesses lysoPLD activity and is able to catalyze the synthesis of LPA from LPC, as does ATX (25) . In the present study, we investigated the involvement of PA and LPA in the cellular effects of scPLD, ET-1, and ATX. Moreover, we tested the possibility that LPA can be synthesized from PA or by an alternative mechanism. This study is also an attempt to identify new lipid mediators and related pathways that may be involved in the control of leiomyoma growth. 3 H]thymidine (6.7 Ci/mmol) were purchased from Perkin-Elmer. scPLD was from Sigma-Aldrich, and 1 IU liberates 1.0 mM choline from L-a-phosphatidylcholine per hour at pH 8.0 and 30jC. 4b-Phorbol-12,13-dibutyrate (PDBu), fatty acid-free BSA (ffBSA), methyl-a-D-mannopyranoside, 1-oleoyl-2-sn-lysophosphatidylcholine, bromoenol lactone (BEL), and quinacrine were obtained from Sigma-Aldrich. 1-Oleoyl-2-sn-lysophosphatidic acid and 1,2-dioleoyl phosphatidic acid were from Avanti Polar Lipids. Phosphonofluoridic acid methyl-5,8,11,14-eicosatetraenyl ester (MAFP) and arachidonyltrifluoromethyl ketone (AACOCF3) were from Biomol. Lipofectamine 2000 and all of the media and reagents for the cell culture were from Invitrogen. ET-1 was from NeoMPS. Concanavalin-A Sepharose was from GE-Healthcare. Platelet-derived growth factor (PDGF) was from Peprotech. Ki16425 was a generous gift from Kirin Brewery Co., Ltd. (Gunma, Japan). Anti-active ERK 1/2 antibody, U0126, deoxyribonucleotides, Moloney murine leukemia virus reverse transcriptase, and Taq DNA polymerase were from Promega Corp. Anti-rabbit HRP-conjugated IgG was from Cell Signaling. Anti-ERK 2 antibody was from Santa Cruz. PCR primers and control small interfering RNA (siRNA) were from MWGBiotech. Rat LPA 1 /edg2 receptor-directed siRNA (siGENOME ON-TARGETplus SMARTpool L-098917-01-0010) came from Dharmacon. Cell line Nucleofector kit V was from Amaxa. The pCDNA-ATX expression vector encoding wild-type murine ATX (mATX) and the pTrcHis-AGPAT vector encoding 1-acyl-snglycerol-3-phosphate acyltransferase were kind gifts from Dr. J. S. Saulnier-Blache (Institut National de la Santé et de la Recherche Médicale U317, University Paul Sabatier, Toulouse, France).
MATERIALS AND METHODS

Chemicals
Cell culture and transfection
The Eker rat tumor-derived ELT3 uterine leiomyoma cell line was kindly provided by Dr. C. L. Walker (M. D. Anderson Cancer Center, University of Texas, Smithville, TX). ELT3 cells were maintained in DF8 medium supplemented with 10% (v/v) fetal calf serum, as described previously (5), and 5% CO 2 -95% humidified air at 37jC. Cells were placed in serum-free medium overnight before experiments. Cos-7 cells were cultured in DMEM containing 10% fetal calf serum. ELT3 and Cos-7 cells were transfected with pCDNA-ATX expression vector or pCDNA empty vector using Lipofectamine 2000 according to the manufacturer's instructions.
RNA interference
ELT3 cells cultured in 75 cm 2 flasks were harvested by trypsinization and electroporated with an Amaxa Nucleofector device (program T-030) at a density of 10 6 cells in 100 ml of buffer V containing 2.5 mM of control or LPA 1 receptor-directed siRNA according to the manufacturer's instructions. Ten hours after electroporation, cells were serum-starved for 16 h before each experiment.
Semipurification of ATX
The semipurification of mATX from Cos-7 cells was performed as described by Pradere et al. (26) with some modifications. Twenty-four hours after transfection with ATX expression vector (or empty vector), Cos-7 cells were placed in DMEM without serum (5 ml/100 mm diameter plate) and incubated for an additional period of 24 h. Culture media were then centrifuged (300 g for 10 min) to remove floating cells and incubated overnight in the presence of concanavalin A-Sepharose beads. After three washings, ATX was eluted from the beads by incubation for 2 h at 37jC in PBS containing 0.3 M methyl-a-D-mannopyranoside. ]myristic acid in some experiments). At the end of the incubation, the media were removed and placed in glass tubes containing 1 ml of methanol. Cells were scraped in 1 ml of cold (220jC) methanol and transferred to glass tubes containing 1 ml of water. In each tube, 800 ml of cold chloroform/methanol/HCl (149:48:3, v/v/v) was added. After a vigorous mixing, the monophase was split by the addition of 0.6 ml of 2 M KCl and 0.6 ml of chloroform. The chloroform extract was dried under vacuum, suspended in 25 ml of methanolchloroform 
LPC assay
LPA radioenzymatic quantification
Radioenzymatic quantification of LPA was performed essentially as described by Saulnier-Blache et al. (27) . This method is based on the use of recombinant 1-acyl-2-sn-glycerol-3-phosphate acyltransferase (LPAAT), which catalyzes the transfer of the acyl moiety of an acyl-CoA molecule to the sn-2 position of 1-acyl LPA.
Preparation of recombinant LPAAT
The cDNA encoding an LPAAT enzyme was previously cloned in the bacterial expression vector pTrcHis (28) . DH5a-competent cells were transformed with pTrcHis-AGPAT plasmid, encoding LPAAT, and grown in Luria broth medium containing 50 mg/ml ampicillin. When the absorbance at 600 nm reached 0.6, bacteria were cultured in the presence of 1 mM isopropyl-b-Dthiogalactopyranoside for 3 h. Bacteria were collected by centrifugation at 3,000 g for 10 min, and the pellet was disrupted by sonication in 0.2 M Tris-HCl (pH 7.4). After 20 min of centrifugation at 10,000 g, the supernatant was recovered and further centrifuged at 100,000 g for 90 min. The pellet was resuspended in 0.2 M Tris-HCl (pH 7.4) to a final protein concentration of 1 mg/ml and used for radioenzymatic quantification of LPA.
Lipid extract preparation
Serum-starved confluent ELT3 cells seeded on six-well plates were rinsed twice with Hanks' balanced salt solution containing 20 mM HEPES (pH 7.5) and 1 mg/ml ffBSA and incubated in 1 ml of the same medium. Cells were then exposed to the agents tested. At the end of the incubation, the media were removed and placed in glass tubes containing 1 ml of water-saturated butanol. Cells were scraped in 1 ml of water-saturated butanol and transferred to the same glass tubes containing the media. After the addition of 1 ml of water, the tubes were shaken vigorously and centrifuged (10 min at 300 g). The upper butanol phase was collected and evaporated under vacuum.
LPA radioenzymatic quantification assay
Dry lipid extracts were resuspended in 200 ml of reaction medium containing 161 ml of Tween 20 (1 mg/ml in water), 8 ml of orthovanadate (500 mM), 20 ml of Tris (200 mM; pH 7.5), 1 ml of [
14 C]oleoyl-CoA, and 10 ml of recombinant LPAAT. The mixture was incubated for 2 h at 20jC and vortexed every 15 min. The reaction was stopped by adding 400 ml of 
Western blot analysis of phosphorylated ERK 1/2
Serum-starved confluent ELT3 cells seeded on 12-well plates were exposed to the agents tested. Reactions were stopped by aspiration of the incubation medium followed by the addition of 50 ml of cold solubilization buffer [50 mM HEPES, pH 7.4, 150 mM NaCl, 100 mM NaF, 10% (v/v) glycerol, 10 mM Na 4 P 2 O 7 , 200 mM Na 3 VO 4 , 10 mM EDTA, 1% (v/v) Triton-X100, 10 mg/ml aprotinin and leupeptin, and 0.5 mM PMSF]. Cells were detached by scraping on ice and centrifuged at 10,000 g for 5 min at 4jC. Detergent-extracted proteins were analyzed by 10% (w/v) SDS-PAGE. The separated proteins were transferred to nitrocellulose sheets and probed with polyclonal anti-active ERK 1/2 antibodies (1:5,000, v/v) and HRP-conjugated anti-rabbit IgG secondary antibody. Blots were revealed by ECL technique and exposed on X-ray films. The blots were then stripped and reprobed with an anti-ERK 2 antibody and HRP-conjugated anti-rabbit IgG secondary antibody. Quantification of the developed films was performed with a Personal Densitometer (Molecular Dynamics).
[ 3 H]thymidine incorporation
Serum-starved ELT3 cells (50% confluent) on 24-well plates were incubated for 48 h with the various agents to be tested and 1.5 mCi/ml [ 3 H]thymidine. Reactions were stopped by aspiration of the incubation medium and addition of 0.5 ml of cold TCA (10%, w/v). Radioactivity incorporated into TCA-precipitated material was recovered with 0.5 ml of 0.1 N NaOH and quantified by liquid scintillation counting.
LPA receptors and ATX mRNA expression
Detection of transcripts encoding the five LPA receptors and ATX was performed using RT-PCR technique. Total cellular RNA from ELT3 cells and rat lung, kidney, and ovary were isolated with Insta-Pure reagent (Eurogentec) according to the manufacturer's protocol, and 5 mg of total RNA was reversetranscribed into cDNA using 200 units of Moloney murine leukemia virus-reverse transcriptase, 0.2 mM deoxynucleoside triphosphates, and 10 mM random hexamer primers. Target cDNA was amplified using one-tenth of the reverse-transcribed cDNA prepared, 0.2 mM deoxynucleoside triphosphates, 2 mM MgCl 2 , 2.5 units of Taq DNA polymerase, and 100 pmol of each primer in PCR buffer (final volume 5 25 ml). The primer sets used are listed in Table 1 . The mixture was amplified in a thermal cycler (iCycler; Bio-Rad) under the following conditions: 94jC (15 s), 60jC (30 s), and 72jC (30 s) for 30 (LPA receptors) or 35 (ATX) cycles. The resulting PCR products were analyzed by electrophoresis on a 1.5% agarose gel and stained with ethidium bromide.
Quantitative PCR
Quantitative real-time PCR was performed on the Lightcycler 2.0 (Roche). PCR was carried out using the FastStart DNA Master SYBR Green I reagents according to the manufacturer's instructions under the following conditions: 95jC (10 s), 57jC (10 s), and 72jC (10 s) for 40 cycles. Melting curve analyses were performed at the end of the amplification reactions. The relative amounts of LPA 1 and LPA 3 cDNA in each sample were determined using a standardization curve performed in the same PCR run. The standardization curves were obtained by amplification of successive dilutions of a PCR product resulting from conventional PCR. GAPDH transcript was used as standard for the relative quantification of the LPA 1 transcript in siRNAtreated cells.
Statistical analysis
All quantitative data were analyzed by ANOVA. P , 0.05 was considered significant. RESULTS scPLD, PA, and LPA stimulate DNA synthesis
Incubation of ELT3 cells with scPLD stimulated 1A) in a dose-dependent manner. This result is consistent with previous data showing that scPLD increased DNA synthesis in ELT3 cells (5) . Because PLD produces PA by hydrolyzing PC, we tested the ability of PA to reproduce the scPLD effect. As shown in Fig. 1B , PA was able to stimulate DNA synthesis. The effect of 10 mM PA was comparable to that obtained with 10 IU/ml scPLD. The concentration of 30 mM was more effective and corresponded to a 2-fold increase in thymidine incorporation over the basal value. It has been shown that PA could act by itself on intracellular targets and/or specific membrane receptors (10, 11) . PA could be also deacylated into LPA, which in turn would bind to LPA receptors (12, 13) . To determine whether scPLD and PA acted through LPA receptors, we used the specific LPA 1/3 receptor antagonist Ki16425 (29) . The results in Fig. 1B show that Ki16425 fully inhibited the thymidine incorporation induced by both scPLD and PA, suggesting that these two agents acted through LPA receptors. This interpretation was supported by the results presented in Fig. 1C , which show that exogenous LPA was able to stimulate DNA synthesis. The effect of PA cannot be attributed to contaminating traces of LPA in commercial PA preparations, because we found that commercial PA contained at most 1% LPA (data not shown). The stimulatory effect of LPA was dose-dependent, and a 2-fold stimulation was obtained with a concentration of 30 mM. The stimulatory effects of PA and scPLD were inhibited by the MAP kinase ERK kinase inhibitor U0126 (Fig. 1B) , indicating the involvement of the ERK 1/2 pathway in their proliferative effects. This inhibition was not attributable to a toxic effect of U0126, because we previously verified that in ELT3 cells this inhibitor induced neither apoptosis (4) nor cell lysis (data not shown). As for scPLD and PA, the stimulation induced by LPA was fully inhibited by Ki16425 (Fig. 1C) . The inhibitory effect of Ki16425 was not attributable to a toxic effect on cells, because it had no effect on the PDGF-induced DNA synthesis (Fig. 1B) . Furthermore, Ki16425 had no inhibitory effect on scPLD activity (data not shown). These results suggest that the scPLD and PA effects involved the synthesis of bioactive LPA, which acted through the same membrane receptors as those activated by exogenous LPA.
Activation of ERK 1/2 by scPLD, LPA, and PA
Because thymidine incorporation as a result of scPLD and PA was sensitive to U0126, we tested their effects on ERK 1/2 activation, an essential process for DNA synthesis induction by mitogenic agents. As shown in Fig. 2A , scPLD stimulated ERK 1/2 phosphorylation in a transient manner. ERK 1/2 phosphorylation was maximal at ?3-5 min and then declined to an almost basal value after 20 min of stimulation. Unexpectedly, compared with scPLD, PA induced only a very low activation of ERK 1/2 (Fig. 2B) . In contrast, LPA markedly stimulated ERK 1/2 activation at 3 min (Fig. 2C, D) . This effect was dose-dependently inhibited by Ki16425 (Fig. 2C) , with a strong effect observed with 10 nM. The activation of ERK 1/2 induced by scPLD was also inhibited by Ki16425, indicating that both LPA and scPLD stimulated ERK 1/2 through LPA 1/3 receptors. Ki16425 did not alter the stimulation of ERK 1/2 by PDGF, confirming the specificity of this antagonist. These results indicate that scPLD stimulated ERK 1/2 activation and proliferation of ELT3 cells by generating LPA, which in turn acted through LPA 1/3 receptors.
The LPA 1 receptor is involved in scPLD, LPA, and PA cellular effects
The expression of LPA receptor mRNA in ELT3 cells was determined by RT-PCR using specific primers. The results obtained indicated that the transcripts encoding the five known LPA receptors were detected (Fig. 3A) . The results obtained with Ki16425 indicated that LPA 1 and/or LPA 3 was responsible for the LPA effects; therefore, we quantified the corresponding transcripts by real-time quantitative PCR. We found that LPA 1 receptor transcript was 11.2 6 2.4 times more abundant than LPA 3 transcript. These results suggest that the LPA 1 receptor was mainly responsible for the cellular effects of LPA. To verify this hypothesis, we tested the effect of LPA 1 receptor downregulation by RNA interference technique using specific siRNA targeted to the rat LPA 1 receptor. In the conditions tested, treatment of ELT3 cells with LPA 1 -directed siRNA decreased the amount of LPA 1 receptor transcript by 9-fold (9.34 6 0.59; P , 0.05). The data presented in Fig. 3B show that in these conditions, LPA 1 -specific siRNA treatment strongly inhibited LPA as well as scPLD-induced ERK 1/2 activation. This inhibition was specific, because the PDGF response was not affected by LPA 1 siRNA treatment (Fig. 3C) . Moreover, treatment of ELT3 cells with LPA 1 -directed siRNA also inhibited the scPLD, LPA, and PA stimulatory effects on DNA synthesis (Fig. 3D) . These results show that the LPA 1 receptor is mainly responsible for the mitogenic effects of scPLD, PA, and LPA in ELT3 cells.
scPLD synthesizes LPA The synthesis of LPA in response to scPLD was investigated using a radioenzymatic assay. In this assay, LPA is converted into Figure 4A , B show that LPA was not Fig. 2 . Effects of scPLD, PA, and LPA on extracellular signalregulated kinase (ERK 1/2 ) activation. A: Cells were incubated in the presence of 10 IU/ml scPLD for the indicated times. B: Cells were incubated in the presence of 10 mM PA or 10 IU/ml scPLD for the indicated times. C: Cells were incubated for 3 min with or without 10 mM LPA in the presence or absence of the indicated concentrations of Ki16425. D: Cells were incubated for 3 min with 10 mM LPA, 10 IU/ml scPLD, or 25 ng/ml PDGF in the presence or absence of 10 mM Ki16425. Cells were lysed, and detergentextracted proteins were analyzed by 10% SDS-PAGE followed by immunoblotting with anti-active ERK 1/2 (pERK 2 ). The blots were stripped and reprobed with anti-total ERK 2 antibody (ERK 2 ). Results are representative of three independent experiments. One day after nucleofection with control or LPA 1 -targeted small interfering RNA (siRNA), ELT3 cells were incubated for 3 min with 10 mM LPA and 1 or 10 IU/ml scPLD (B) or 25 ng/ml PDGF (C). Cells were lysed, and detergent-extracted proteins were analyzed by 10% SDS-PAGE followed by immunoblotting with antiactive ERK 1/2 (pERK 2 ) antibody. The blots were stripped and reprobed with anti-total ERK 2 antibody (ERK 2 ). D: One day after nucleofection with control siRNA or LPA 1 -targeted siRNA, cells were treated for 48 h with 10 IU/ml scPLD, 10 mM LPA, 10 mM PA, or 25 ng/ml PDGF. All incubations were performed in the presence of 1.5 mCi/ml [ (Fig. 4A, B) . The amount of LPA reached a plateau after 10 min, which corresponded to a value of ?200 pmol per well. Because scPLD is known to produce PA by hydrolyzing PC, the possibility that LPA could be synthesized by deacylation of PA through a PLA 2 activity was tested. The nonselective PLA 2 inhibitors quinacrine and ONO-RS-082 (Fig. 4C ) had no effect on the formation of LPA catalyzed by scPLD. Similarly, the more specific PLA 2 inhibitors MAFP, AACOCF3, and BEL (cytosolic phospholipase A2/calcium insensitive phospholipase A2 inhibitors) failed to inhibit the generation of LPA, indicating that the hydrolysis of PA by a PLA 2 activity was not the source of LPA produced by scPLD.
ELT3 cells synthesize LPC
Because PLA 2 did not appear to be involved in the synthesis of LPA, we tested the possibility that LPA could be produced directly by the hydrolysis of LPC by scPLD. Indeed, this enzyme has been shown to possess lysoPLD activity (25) . Thus, we first tested whether ELT3 cells were able to synthesize LPC. Figure 5A shows that ELT3 cells synthesized LPC and that its amount increased with time. LPC was found only in cells (Fig. 5A ) and was absent from the culture medium (Fig. 5A, B) . ffBSA is often used to extract lysophospholipids from membranes. Treatment of ELT3 cells with ffBSA increased LPC production (Fig. 5) . In these conditions, LPC appeared in the medium and its level increased with time (Fig. 5B ). In contrast, the level of LPC in cells was not affected by ffBSA (Fig. 5A) (Fig. 6A, closed bars) . Moreover, when the conditioned medium containing [ 3 H]LPC was incubated with scPLD in the absence of cells, the hydrolysis of LPC also occurred and was even more efficient (Fig. 6A, open 3 H]LPA. Insofar as LPC is hydrolyzed by scPLD to generate LPA, one would expect that ffBSA, which increases LPC amount in the medium, would also increase the formation of LPA. Therefore, the effect of ffBSA on LPA production was tested. Figure 6C shows that LPA production triggered by scPLD was increased by ?4-fold when cells were preincubated overnight with ffBSA. We observed in Fig. 4C that LPA production, induced by scPLD in the absence of ffBSA, was insensitive to PLA 2 inhibitors. The results presented in Fig. 6C show that these inhibitors remained without effect even in the presence of ffBSA. These results indicate that the presence of ffBSA increased LPA production only by enhancing LPC level, but not by stimulating an additional process.
Effect of ffBSA on ERK 1/2 activation
Because ffBSA increased LPA formation, it should potentiate the effect of scPLD on ERK 1/2 activation. Figure 7A shows the dose-dependent activation of ERK 1/2 by scPLD in the absence or presence of ffBSA in the medium. The presence of ffBSA in the medium clearly increased ERK 1/2 phosphorylation, especially at scPLD doses of .1 IU/ml. Kinetic experiments show that, in the presence of ffBSA, ERK 1/2 activation induced by scPLD was stronger and more sustained (Fig. 7B) . The potentiating effect of ffBSA was reproduced by incubating the cells in the presence of exogenous LPC (Fig. 7C) . Note that ffBSA and LPC, used alone, had no Results are expressed as cpm and are means 6 SEM of three independent experiments. * Significantly different from the time 0 value. C: Cells were serum-starved overnight in the presence or absence of 0.1% ffBSA. Cells were then incubated in the presence of 10 IU/ml scPLD for 20 min in the presence or absence of the following PLA 2 inhibitors: 500 mM quinacrine (quin) or 10 mM ONO-RS-082 (ONO). PLA 2 inhibitors were added at 20 min before the addition of scPLD. LPA contained in each well (cells 1 medium) was quantified with a radioenzymatic assay. The results are expressed as pmol/well and are means 6 SEM of three independent experiments. * Significantly different from control 2 BSA; § significantly different from control 2 BSA but not significantly different from control 1 BSA. Fig. 7 . Effects of ffBSA and LPC on scPLD-induced ERK 1/2 activation. A: Cells were incubated in the presence of the indicated concentrations of scPLD for 5 min in the presence or absence of 0.1% ffBSA. B: Cells were incubated in the presence of 10 IU/ml scPLD for the indicated times in the presence or absence of 0.1% ffBSA. C: Cells were treated with or without 10 IU/ml scPLD for 5 min in the presence or absence of 10 mM exogenous LPC. Cells were lysed, and detergent-extracted proteins were analyzed by 10% SDS-PAGE followed by immunoblotting with anti-active ERK 1/2 . Results are representative of three independent experiments. effect on ERK 1/2 activation. Moreover, ffBSA did not influence ERK 1/2 activation induced by PDGF (data not shown). These data support our hypothesis that ffBSA enhanced ERK 1/2 activation through the increase in LPC production. Additionally, these data provide evidence that scPLD's effect involved its lysoPLD activity.
Effects of ATX on ELT3 cells
To confirm the involvement of lysoPLD activity in the scPLD-mediated effects in ELT3 cells, we tested whether ATX, a physiological mammalian lysoPLD, was able to reproduce the effects of scPLD on ELT3 cells. To this end, mATX was heterologously expressed in Cos-7 cells and purified from conditioned culture media. As shown in Fig. 8A , incubation of ELT3 cells in the presence of mATX induced the synthesis of LPA. ATX also induced a transient activation of ERK 1/2 , with a maximal activation at 5 min (Fig. 8B) . This activation of ERK 1/2 was abolished by Ki16425, indicating that LPA was responsible for this effect of ATX (Fig. 8B) . Moreover, mATX purified from Cos-7 cell medium was able to stimulate DNA synthesis in ELT3 cells (Fig. 8C ). This effect was also inhibited by Ki16425 (Fig. 8C) . All of these effects, including LPA production, ERK 1/2 activation, and thymidine incorporation, were not observed in control experiments, in which ELT3 cells were incubated in the presence of conditioned media of Cos-7 cells transfected with pCDNA empty vector (Fig. 8A-C, control) . Finally, we tested the effect of mATX expression directly in ELT3 cells, which do not express endogenous ATX (Fig. 8D) . As shown in Fig. 8E , transfection of ELT3 cells with mATX expression vector increased the rate of DNA synthesis compared with cells transfected with the empty vector.
Activation of endogenous PLD does not activate LPA-dependent processes
In a previous study, we showed that ET-1 stimulated endogenous PLD activity, which contributes to ERK 1/2 activation and cell proliferation in ELT3 cells but not in normal myometrial cells (5) . One hypothesis was that the PA produced by endogenous PLD may be metabolized into LPA. Therefore, we tested the effect of Ki16425 on ERK 1/2 activation induced by ET-1 and PDBu. We found that the activation of ERK 1/2 by ET-1 and PDBu was not affected by the LPA receptor antagonist (Fig. 9A) . Furthermore, Ki16425 also had no effect on thymidine incorporation induced by ET-1 (Fig. 9B) . Moreover, stimulation of cells in the presence of ET-1 failed to induce the formation of LPA (Fig. 9C) . The presence of LPA remained undetectable after ET-1 stimulation for up to 16 h (data not shown).
DISCUSSION
In this study, we investigated the mechanism by which scPLD and endogenous PLD contributed to the increase of ERK 1/2 activity and thymidine incorporation in ELT3 cells. Like other PLDs, scPLD catalyzes the hydrolysis of PC into PA, a phospholipid that has been reported to play a role in ERK 1/2 activation and proliferation in several models (9) . However, in ELT3 cells, exogenous PA did not efficiently activate ERK 1/2 , and the effects of scPLD were fully inhibited by the LPA 1/3 receptor antagonist Ki16425. VPC 32183, which is also a LPA 1/3 receptor antagonist (30), gave similar results (data not shown). These data suggested that PA was certainly not responsible for the effects of scPLD.
We next tested the possibility that the PA produced by scPLD was deacylated to generate LPA. This conversion of PA into LPA could be catalyzed by PLA 1 and PLA 2 family members (12) . In ELT3 cells, we observed the synthesis of LPA acylated on the sn-1 position of glycerol, suggesting the participation of a PLA 2 family enzyme. Calciumindependent as well as secretory PLA 2 have been shown to hydrolyze PA (31) (32) (33) . However, in ELT3 cells, the PLA 2 inhibitors tested (quinacrine, ONO-RS-082) had no effect on the generation of LPA induced by scPLD. Consistent with these results, the iPLA 2 or cPLA 2 inhibitors BEL, MAFP, and AACOCF3 were also without effect on LPA formation. Thus, the LPA production pathway involving PA hydrolysis by PLA 1 or PLA 2 likely does not operate in ELT3 cells. Another possibility for the synthesis of LPA is related to the lysoPLD activity of scPLD. Indeed, scPLD possesses an additional lysoPLD activity and is able to hydrolyze LPC directly into LPA (25) .
Lysophospholipids, unlike other phospholipids, are hydrophilic lipids that can be extracted from cellular membranes by binding to ffBSA. We found that ELT3 cells synthesized LPC and that this synthesis was enhanced when cells were treated with ffBSA. Comparable results were found by Robinson, Baisted, and Vance (34) in rat hepatocytes. Incubation of conditioned medium of ffBSAtreated ELT3 cells with scPLD decreased LPC amount and concomitantly increased LPA level, confirming that LPC was the substrate for the LPA production. These results are in agreement with those obtained by van Dijk et al. (35) in fibroblasts. These cumulative data demonstrated that in ELT3 cells, scPLD synthesizes bioactive LPA by direct hydrolysis of LPC contained in the plasma membrane or present in the medium as an ffBSA-bound form. The synthesis of LPA from LPC is a physiological process catalyzed by ATX in plasma and other body fluids (14, 15) . In contrast to other cell types, such as ovarian cells, ELT3 cells do not express ATX; therefore, they are unable to synthesize LPA from LPC in vitro. However, our results showed that mATX, purified from culture media of ATX expressing Cos-7 cells, reproduced all of the effects of scPLD on ELT3 cells. Indeed, ATX induced the generation of LPA, ERK 1/2 activation, and [
3 H]thymidine incorporation almost as efficiently as scPLD in ELT3 cells. Moreover, the expression of mATX in ELT3 cells also stimulated thymidine incorporation, but with a somewhat lesser effect. This strongly suggests that, in vivo, circulating ATX may locally synthesize LPA from leiomyoma-derived LPC.
LPA produced by scPLD and ATX, as well as exogenous LPA, activated ERK 1/2 . Bacterial scPLD stimulated ERK 1/2 phosphorylation in a transient manner, with peak activity at ?5 min. After 5 min, ERK 1/2 phosphorylation began to decline, even though the level of LPA was stable for at least 30 min. This observation is certainly a consequence of the desensitization of the LPA receptors. Indeed, it has been shown that desensitization-or internalizationdefective mutants of GPCRs were able to induce a more sustained activation of ERK 1/2 (36) . Moreover, the LPA 1 receptor has been shown to undergo rapid internalization in the presence of LPA (37) .
The expression of LPA receptor mRNA has been studied by RT-PCR experiments in ELT3 cells. Although the five known transcripts were detected by RT-PCR, the use of Ki16425 indicated that the effects of LPA on ERK 1/2 activation and DNA synthesis were only mediated through LPA 1 and/or LPA 3 receptor subtypes. Ki16425 has been shown to antagonize LPA 1 and LPA 3 receptors and to have no significant effect on LPA 2 and LPA 5 receptors (24, 29) . There is also indirect evidence that it does not inhibit LPA 4 receptor signaling (29) . The expression of LPA 1 -LPA 3 had been described previously in normal human myometrial cells (18) . Real-time PCR experiments indicated that, in ELT3 cells, LPA 1 mRNA was expressed at .10-fold higher levels than LPA 3 mRNA, suggesting that LPA signals mainly through the LPA 1 receptor. This interpretation was further supported by the finding that Ki16425, which is more specific for LPA 1 receptors (29), significantly inhibited the scPLD effect at doses as low as 10 nM. Finally, using RNA interference, we showed that LPA 1 receptor downregulation inhibited the LPA and scPLD activation of ERK 1/2 and the PA, scPLD, and LPA stimulation of thymidine incorporation. These latter results demonstrate that the LPA 1 receptor was the main LPA receptor responsible for the effects of LPA in ELT3 cells and strongly suggest that scPLD and exogenous PA acted through LPA generation.
In ELT3 cells, scPLD appeared to act through its lysoPLD activity; however, this PLD is also able to hydrolyze PC to produce PA, which may participate in ERK 1/2 activation and cell proliferation. To determine the potential role of PA, we used exogenous PA. We first observed that exogenous PA stimulated thymidine incorporation as efficiently as LPA. Similar results have been obtained in Rat-1 fibroblasts, leading the authors to raise the question of the existence of PA receptors (38) . More recently, it was suggested that PA may be an agonist for the orphan receptor GPR63/PSP24b, which is able to stimulate calcium mobilization when expressed in CHO cells (11) . Surprisingly, the effect of PA was inhibited by the LPA 1/3 antagonist Ki16425 and siRNA targeted toward the LPA 1 receptor, indicating the involvement of this receptor. Unexpectedly, exogenous PA had only a very small effect on ERK 1/2 activation, even after incubations as long as 6 h (data not shown). However, the PA effect on DNA synthesis was inhibited by U0126, indicating that ERK 1/2 mitogen-activated protein kinases were nevertheless involved in DNA synthesis. To explain this unexpected phenomenon, it can be hypothesized that a weak hydrolysis of PA could occur via an eventual PLA activity, which could produce a low but sustained level of LPA. This production of LPA would be too weak to generate a high level of ERK 1/2 activity but would be sufficient to stimulate DNA synthesis. Unfortunately, this point has not been tested successfully, because PLA inhibitors had toxic effects on ELT3 cells after treatment for several hours. Therefore, the mechanism by which exogenous PA Fig. 9 . Role of LPA in endogenous PLD-dependent effects. A: Cells were incubated in the presence of 50 nM endothelin-1 (ET-1) or 1 mM 4b-phorbol-12,13-dibutyrate (PDBu) in the presence or absence of 10 mM Ki16425. Cells were lysed, and detergentextracted proteins were analyzed by 10% SDS-PAGE followed by immunoblotting with anti-active ERK 1/2 . B: Cells were treated with or without 50 nM ET-1 for 48 h in the presence or absence of 10 mM Ki16425. All incubations were performed in the presence of 1.5 mCi/ml [ stimulated the LPA 1 receptor to induce DNA synthesis remains to be established.
In a previous study, we showed that ET-1 stimulated ERK 1/2 and the proliferation of ELT3 cells in a PLDdependent manner (5) . Because these effects were reproduced by scPLD, we concluded that PA, synthesized by endogenous or exogenous PLD, regulated ERK 1/2 activation and proliferation. In the present work, we demonstrated that, in fact, the two kinds of PLD acted through different mechanisms to regulate ERK 1/2 and cell proliferation. Indeed, scPLD was found to act via the synthesis of LPA; by contrast, endogenous mammalian PLD activated by ET-1 did not lead to LPA formation. Therefore, endogenous PLD likely acted through PA generation. This implies that the PA generated in the outer leaflet of the plasma membrane by scPLD and the intracellular PA synthesized by endogenous PLD act via differential mechanisms converging on the activation of ERK 1/2 and cell proliferation. Diverse mechanisms by which endogenous PA contributes to ERK 1/2 activation have been reported (9) . PA can interact with different proteins of the ERK 1/2 signaling pathway, such as Raf-1, PKCz and PKCe, and PLCg, to promote translocation and/or their activation (9, 10) . PA is also able to bind and activate mTOR (39), a protein kinase involved in cell proliferation; however, this kinase is constitutively active in ELT3 cells (40) and thus may not be regulated by PA. More interestingly, a recent report demonstrated that sphingosine kinase 1 (SphK1) is an intracellular effector of PA (41) . This lipid kinase phosphorylates sphingosine to produce sphingosine-1-phosphate (S1P) (42) . This lipid mediator acts via membrane receptors and regulates the ERK 1/2 signaling pathway and many physiological and pathological processes, including proliferation, survival, and contraction (42, 43) . Recent data from our group demonstrated that ET-1 activates SphK1, which contributes to ET-1-mediated myometrial contraction (44) . Furthermore, we recently reported that in ELT3 cells, SphK1 and S1P exerted an antiapoptotic effect (4) and that exogenous S1P stimulated DNA synthesis (unpublished results). In agreement with these observations, Jeng et al. (45) found that overexpression of SphK1 in ELT3 cells increased cell proliferation. In light of these data, it became possible to postulate that the SphK1/S1P pathway may be one mechanism by which endogenous PA contributes to ET-1-mediated ERK 1/2 activation and cell proliferation in ELT3 cells. This hypothesis now needs to be tested.
In conclusion, our results show for the first time that LPA is a mitogenic factor for leiomyoma cells; thus, it has to be considered a potential progression factor for these tumors, as it is for diverse cancer tumors. Furthermore, our data indicate that scPLD acts in a comparable manner with ATX, a lysoPLD naturally present in the serum and other biological fluids of mammals (17) . Indeed, ATX is an extracellular lysoPLD that hydrolyzes LPC, present in plasma in an albumin-or lipoprotein-bound form, to generate LPA (12, 17) . Interestingly, it has been proposed that in human, ATX activity regulates uterine functions (14, 46) . Because ELT3 leiomyoma cells synthesize LPC, it can be proposed that ATX may also participate in leiomyoma development via LPA production. The relevance of this proposal is further supported by the involvement of ATX and LPA in angiogenic processes and tumor development. Finally, our data indicate that LPA needs to be considered in the context of leiomyoma growth and provide new perspectives into the potential role of lipidic mediators in smooth muscle cell pathophysiology.
